ABSTRACT. Brazil is among the five largest producers of cotton in the world, cultivating the species Gossypium hirsutum L. r. latifolium Hutch. The cultivars should have good fiber quality as well as yield. Genetic improvement of fiber traits requires the study of the genetic structure of the populations under improvement, leading to the identification of promising parent plants. To this end, it is important to acquire some information, such as estimates of genetic variance components and heritability coefficients, which will support the appropriate choice of the breeding strategy to be employed as well as enable the estimation of gains from selection. This study aimed to evaluate some agronomic characteristics, such as fiber quality and yield, estimating genetic parameters for the purpose of predicting earnings. Twelve cultivars of cotton, including four male progenitors (CNPA 01-42, BRS Verde, Glandless, and Okra leaf) and eight female progenitors (Delta opal, CNPA 7H, Aroeira, Antares, Sucupira, Facual, Precoce 3, and CNPA 8H), were used in performing crosses according to design I, proposed by Comstock and Robinson (1948). The experimental design was a randomized block with four replications. We observed genetic variability among all traits as well as higher efficiency of selection for the gains related to traits. Our results showed that the combined selection presented the highest genetic gains for all traits. For fiber length, the female/male selection and the combined selection resulted in the highest genetic gain.
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INTRODUCTION
Brazil is among the five largest cotton producers in the world, cultivating the species Gossypium hirsutum L. r. latifolium Hutch. According to Instituto Brasileiro de Geografia e Estatística (IBGE, 2016) , cotton production in Brazil has grown every year, producing more than 4.0 million tons of cotton annually.
One of the most important textile fibers in the world is produced from cotton. It generates various products that have relevance in the Brazilian and world economies. It is considered one of the most useful plants, making cotton-related businesses one of the ten largest sources of wealth for Brazilian agribusiness. Despite competition from synthetic fibers derived from petroleum, cotton supplies approximately 50% of the world textile industry (Santos et al., 2008; Queiroz et al., 2011) .
Cotton breeding programs seek, as primary objectives, an increase in yield, improvement in fiber quality, and resistance to pests and diseases (Preetha and Raveendren, 2008) . In accordance with the requirements of the textile industry, the cotton cultivars should have high fiber quality and yield. The main characteristics preferred by the industries are fiber length, low short fiber content, high uniformity of fiber length and lower variation of fiber properties . The desired fiber length, in accordance with the international standards, has been 27.8 mm, for cotton of average fiber properties (Braden and Smith, 2004) .
Genetic improvement of fiber traits requires the study of the genetic structure of the populations under improvement and subsequent identification of parent plants with superior traits. To this end, it is important to acquire information, such as estimates of genetic variance components and heritability coefficients, which will support the appropriate choice of breeding strategy as well as enable the estimation of gains from selection (Aguiar, 2003) . For a breeder, one considerably important practice is the selection of superior phenotypes of either individuals or families, as acquisition of improved populations requires selection and recombination of individuals or families (Neves et al., 2011) .
Once the existence of variability has been confirmed in the studied population, different strategies should be used to select the best genotypes, thus maximizing the gain of selection by employing genetic design I, defined by Comstock and Robinson (1948) . Design I is useful in generating the estimates of genetic parameters and constitutes a good breeding strategy by enabling one to simultaneously evaluate full-sib and half-sib families and to infer the potential of parents. It is used to estimate the genetic variance components and genetic parameters in the study populations (Hallauer et al., 1988; Cruz and Carneiro, 2003) .
Genetic design I is based on the formation of the initial progenies of full-sib and halfsib families through controlled pollination between one group of male parents and different groups female parents. The layouts of the families of this design enable the adoption of different selection strategies such as selection among males, females, and females hierarchized to males, and combined selection (Cruz and Carneiro, 2003) . Design I has been used relatively less in cotton cultivation; however, it is more frequently used with other crops such as maize (Hallauer et al., 1988; Eyherabide and Hallauer, 1991; Furtado, 1996) and yellow passion fruit (Gonçalves et al., 2007; Neves et al., 2011) .
The present study aimed to evaluate all agronomic traits important for the acquisition of quality fibers and to estimate the genetic parameters for the purpose of predicting gains. It also aimed to evaluate the responses to selection and estimate the gains from alternative selection strategies structured in Design I.
MATERIAL AND METHODS
Twelve cultivars of cotton G. hirsutum L. r. latifolium Hutch. were used in this study. Of these, four male progenitors (CNPA 01-42, BRS Verde, Glandless, and Okra leaf) and eight female progenitors (Delta opal, CNPA 7H, Aroeira, Antares, Sucupira, Facual, Precoce 3, and CNPA 8H) were used for performing crosses using Design I in Campina Grande, Paraíba, Brazil. The cultivars used as female progenitors were among those that were recommended for planting in Cerrados in 2005 because of their superior agronomic traits. Those used as male progenitors had special traits, such as brown-or green-colored fibers, okra leaf, and glandless, which served as gene markers in order to identify their F 1 progenies as shown in Table 1 . All gene markers exhibited complete dominance among the alleles and the F1 plants displayed the corresponding phenotype. Each male progenitor was crossed with two different cultivars. The F 1 seeds of the said crossings were planted under furrow irrigation conditions in a field at the experimental station of the Brazilian Agricultural Research Corporation (Embrapa), Barbalha, Ceará, Brazil. A randomized block experimental design with four replicates was used. Each plot comprised of rows, 5 m in length and spaced from each other by a distance of 1.0 m. Each row contained 30-35 plants. The yield (kg/ha) was determined for each plot and the fiber traits were determined in the samples of 20 bolls harvested from each plot. The following fiber traits were determined: final stand (STF), percentage of fiber (PF; %), average weight of bolls (PC; g), fiber length (COMP), uniformity of length (UNI; %), short fiber index (SFI), fiber resistance (RES; gf/ tex), elongation (ELG; %), fineness of fiber (FIN; micronaire), and maturity (MAT; %).
For statistical analyses of the data, we performed the analyses of variance of all evaluated traits, initially considering only the treatment effects, and then randomly considering the effects of the genetic-statistic model described below:
where Y ijk is the observation in the k th resultant descendant of the cross of the i th male with the σ ]); The layout of the analysis of variance, on the total-plot level, with the mean squares and expected mean squares of treatment, males, females, and descendants in accordance with genetic design I are presented in Table 2 .
d.f. = degrees of freedom; MS = mean squares; E(MS) = error mean squares. Table 2 . Layout of the analysis of variance, with the square averages and their respective expected values of the square averages, following design I proposed by Comstock and Robinson (1948) .
The genetic gains were estimated considering the following alternatives of the selection derived from design I (Furtado, 1996; Cruz and Carneiro, 2003) : selection based on the average of males, selection based on the average of females, selection based on the average of females hierarchized to males, and combined selection. To acquire the estimate of gain, the following general expression was used:
where GS is the gain by selection, DS is the selection differential, and h 2 is the heritability defined as a function of the selection strategy used, in accordance with the following structure:
Selection based on the average of males, with progenies arising from females pollinated by the same individual:
Selection based on the average of females, irrespective of the males that they belonged to: 
mf
Y is the average of the f th female mated with the m th male. In this study, we assessed the selection alternatives derived from design I in cotton. The Genes program was used for all calculations of the predicted gains (Cruz, 2013) .
RESULTS AND DISCUSSION
The results of the variance analyses, overall average, and variance coefficient (CV) relative to the evaluated traits are presented in Table 3 . The analysis of variance revealed the existence of genetic variance among the full-sib and half-sib progenies, indicating the existence of genetic variability among parents, which is quite favorable to the improvement in the average in which genetic heterogeneity in the population enables the acquisition of gains through selection techniques. The F-test showed non-zero genetic variance in relation to the traits PF, COMP, UNI, ELG, FIN, and MAT, considering the effect of males significant to the level of females/males, for PF and PC to 1% probability and COMP and FIN to 5% probability (Table 3 The CVs obtained for these 11 traits were not high, except for the yield (REN), evidencing good experimental precision. The traits that exhibited the greatest values were REN, SFI, and ELG, with 30.33, 15.70, and 13.77%, respectively, being possibly the most influenced by the environment. The other evaluated traits had values below 8.8% (Table 3) . Table 4 presents the estimates of variance components associated with the random effects of the nature of the statistical model and coefficients of additive genetic variance . The analysis of the data presented in Table 4 shows that a negative 2 D σ value was obtained for the traits STF, PF, COMP, UNI, SFI, RES, ELG, FIN, and MAT. The negative estimate for each trait was considered null, showing the additive nature of the genotypic variance of all traits. The trait REN highlighted itself by presenting the highest value of 2 D σ . According to Falconer (1987) , the additive genetic variance is the primary measure of similarity among relatives, as it is measured from the heritable genetic variation. Thus, it is the main determinant of the genetic properties of a population and its response to selection. This variance can be defined as the double gametic variability, which is expressed by the additive effects of alleles (Falconer and Mackay, 1996; Cruz and Carneiro, 2003) . The trait PF showed the highest 2 m σ and coefficient of additive genetic variation (CV a ) values (Table 4 ), indicating that this trait could provide the highest selection response during the process of long-term selection in this population.
CV a corresponds to the additive gentetic standard deviation in percentage of the average, and is an indicator of the relative magnitude of the changes that can be obtained through selection for each trait throughout the breeding program (Furtado, 1996) . In this study, it was not possible to determine the estimate of 2 A σ for the traits REN and PC since 2 m σ = 0 for both. Carvalho (1995) analyzed the genetic control of the traits PF and PC and found the significance of variation caused by the additive genetic action of these two traits with average heritability of 60%, which enabled the selection of promising strains of cotton in the segregant generations.
The heritability is a fraction of the phenotypic variability among the units of selection caused by the genetic differences between them. The results of the different coefficients of heritability, in the broad sense, are presented in Table 5 . Table 5 . Coefficients of broad-sense heritability, considering units of selection, male families, female families, and families of females within families of males of cotton, relative to the eleven traits studied. For all evaluated traits, the coefficients of heritability in the level of males were higher than those in the levels of females and females within those of males; these values varied between 33.59% for STF to 98.37% for PF. High heritability values can occur in traits of little additive genetic variance because they are not much influenced by the environment (Neves et al., 2011 ). Similarly, de Magalháes Bertini et al. (2006 reported that the more elevated broad-sense heritability values, relative to the said traits, indicated greater influence of the non-additive and environmental effects. The higher the heritability, the closer it will be to the expected response of the selection differential Selection among males (a), females/males (b), females independent of males (c), and combined selection (d). employed. Ali et al. (2008) studied the fiber quality in G. hirsutum L. and reported that the additive variance would be significant for all evaluated traits and relatively less than the dominance for length, resistance, fineness, uniformity, and elongation. Riaz et al. (2013) conducted studies on various features of the five elite cotton lines of G. hirsutum. They recorded considerable genotypic variation among the genotypes and heritability estimates in the broad sense for all evaluated traits. In Table 6 , the estimates of the gains predicted through direct selection are presented for various alternatives of selection. We observed the lowest predicted gains for selection among males and the highest for the combined selection alternative. These results agreed with the results of Falconer (1987) and Gonçalves et al. (2007) , affirming that the selection based on the combined indices is better or superior than the other methods of predicting gains.
For COMP trait, the female/male and combined selection alternatives resulted in higher genetic gain, with values of 2.19 and 2.24, respectively. On the other hand, no genetic gain was observed for PC in view of the null value detected for the additive genetic variance (Table 5 ). The fiber length is critical for the textile industry and varies greatly among the types of cotton due to their genetic differences (Basra, 2000) . In some previous studies, authors have reported little or no genetic gain in fiber length (Miller and Rawlings, 1967; Bridge et al., 1971; Bridge and Meredith, 1983; Culp and Green, 1992) . Schwartz and Smith (2008) have reported progress in the improvement of fiber length with the release of new cultivars in the USA. Table 7 shows the results of the different alternatives of selection in relation to the crosses performed for the seven significant agronomic traits. Therefore, according to the evaluation of the different selection alternatives, the best crosses for PF were between the Glandless male and the Sucupira female and between the Okra leaf male and the Precoce 3 female, since these crosses produce progenies with a greater percentage of fiber. For UNI, the best crosses, as indicated by the alternatives of selection, occurred between the Okra leaf male and the CNPA 8H female and between the BRS verde male and the Atares female. For PC, the only cross that led to the same result for all alternatives of selection occurred between the BRS verde male and the Aroeira female. However, for ELG, the best crosses were indicated between the CNPA01-42 male and the CNPA 7H female or between the Glandless male and the Facual female. For COMP, the best crosses occurred between the BRS verde male and the Antares female or between the Okra leaf male and the Precoce 3 female. For MAT, the crosses were indicated between the Glandless male and the Sucupira female, the Okra leaf male and the Sucupira female, and the Okra leaf male and the CNPA 8H female. According to Table 6 , the combined selection alternative provided the highest predicted gains. a = Selection between males; b = selection of females/males; c = section between females (independent of males); d = combined selection females; 1 = Delta opal; 2 = CNPA 7H; 3 = Aroeira; 4 = Antares; 5 = Sucupira; 6 = p Facual; 7 = Precoce 3; 8 = CNPA. Table 7 . Families of cotton indicated as superior in different selection strategies, in relation to the seven agronomic traits.
